Interleukin-1 (IL-1)-family cytokines are mediators of innate and adaptive immunity. They exert proinflammatory effects by binding a primary receptor that recruits a receptor accessory protein to form a signaling-competent heterotrimeric complex. Here we present the crystal structure of IL-1b bound to its primary receptor IL-1RI and its receptor accessory protein IL-1RAcP, providing insight into how IL-1-type cytokines initiate signaling and revealing an evolutionary relationship with the fibroblast growth factor receptor family.
Members of the IL-1 family of cytokines are important regulators of the innate and adaptive immune system 1 . Signal transduction by these cytokines is initiated by forming a heterotrimeric complex consisting of the ligand, a primary receptor subunit and a receptor accessory protein. Assembly of the ternary ligand-receptor complex juxtaposes the intracellular portions of the receptor chains containing Toll/IL-1 receptor (TIR) domains, instigating cytoplasmic signaling cascades. The pronounced proinflammatory activities of IL-1-type cytokines are tightly regulated at multiple levels through mechanisms that include decoy receptors and antagonistically acting ligands. Dysregulated IL-1 signaling has been shown to be involved in several human autoinflammatory diseases 2 . To gain insight into the assembly and architecture of the IL-1β-receptor signaling complex, we determined the crystal structure of IL-1β bound to IL-1RI and IL-1RAcP.
We determined the structure of human IL-1β in complex with the extracellular regions of IL-1RI and IL-1RAcP at a resolution of 3.1 Å (Fig. 1a, Supplementary Table 1 and Supplementary Methods). The overall architecture of the IL-1β-IL-1RI-IL-1RAcP signaling complex resembles the nonproductive decoy receptor complex containing IL-1RII 3 ( Supplementary Fig. 1a) , which lacks the cytoplasmic TIR domain necessary for signal transduction. The r.m.s. deviation for all backbone Cα atoms is ~2.1 Å. The three subdomains of IL-1RI wrap around the 12-stranded β-trefoil of IL-1β like a grasping hand 4 , and the IL-1β-IL-1RI binary complex forms a composite binding interface for the recruitment of IL-1RAcP. The structure of the IL-1β-IL-1RI binary complex is virtually unchanged by the binding of IL-1RAcP. The r.m.s. deviation for all backbone Cα atoms is ~1.4 Å between the IL-1β-IL-1RI of the ternary complex and the previously published free binary complex 4 . The N-terminal subdomain of IL-1RAcP points away from the rest of the complex and forms no interactions. The crystal packing shows no evidence for higher-order complex formation that might involve this subdomain of IL-1RAcP.
The IL-1RI-IL-1RAcP interface consists mainly of interactions that are distinct from those of the IL-1RII decoy receptor complex ( Fig. 1b and Supplementary Figs. 2 and 3) . The only interactions shared between the two complexes are found in a hydrophobic patch and are formed between Ile135, Ile181 and Leu180 in IL-1RAcP and Val160 (Val173 in IL-1RII) and Ile165 (Leu180 in IL-1RII) of IL-1RI (Fig. 1b,c and Supplementary Figs. 2 and 3) . The unique interactions (Fig. 1b) . In contrast to the IL-1R-IL-1RAcP interface, no significant differences between the signaling and decoy receptor complexes were observed in the interactions of the IL-1β-IL-1RAcP interface ( Fig. 1d and Supplementary Figs. 1b and 3) . Despite low sequence homology, cytokines of the fibroblast growth factor (FGF) and IL-1β families share a common β-trefoil fold 5 . Structures of IL-1RI bound to IL-1β and IL-1Ra 4,6 revealed a distinctive question mark-shaped architecture of the receptor grasping the ligands and provided a model for how the similar modular ectodomain of an FGF receptor (FGFR) would engage an FGF cytokine 7 . Although the FGF-FGFR binary complex does indeed resemble the IL-1RI structures, the FGFR signaling complex has a dimer-of-dimers design 8 that contrasts with the heterotrimeric assembly of the IL-1 signaling complex, which contains a secondary receptor accessory protein that is incapable of cytokine binding 9 . Furthermore, in contrast to the IL-1 complexes, the N-terminal FGFR immunoglobulin domain is dispensable for cytokine binding, although it may retain an autoregulatory function in the absence of FGF 10, 11 ; in addition, formation of the FGF-FGFR complex depends on crossing heparin strands that act as molecular glue. Given the structural conservation of protein-protein contacts across divergent families of interacting molecules 12 -most strikingly observed in the complex structures of coevolving cytokines and receptors in the hematopoietic and TGF-β superfamilies 13,14 -can we consider FGF and IL-1 signaling complexes to be evolutionarily related?
The crystal structure of IL-1β bound to the decoy receptor IL-1RII and the accessory chain IL-1RAcP revealed a unique ternary-complex architecture, in which the convex face of IL-1RAcP is docked to one side of the IL-1β-IL-1RII protomer 3 . The present work showing the active IL-1RI-containing form of this complex proposes that this molecular design is paradigmatic for the IL-1 family of cytokines and receptors. Superimposing complexed IL-1β and one of the FGF ligands from a 2:2 FGF-FGFR complex 8 reveals close parallels in receptor geometry and contacts between the ligand-aided IL-1RI-IL-1RAcP heterodimer and the FGFR homodimer (Fig. 2a,b and Supplementary  Fig. 2 ). Visible differences between the two complexes include the 
cytokine-free IL-1RAcP chain on the first versus the FGF-bound second FGFR receptor chain on the second, and the role of the N-terminal immunoglobulin module of IL-1RI in IL-1β binding, which is in contrast with the dispensability of the same domain in FGFR (Fig. 2) . Furthermore, the third immunoglobulin domain in IL-1RAcP is rotated relative to the FGF-engaged C-terminal immunoglobulin domain in the second FGFR protomer, which does not contact the first protomer. The rotation of the third immunoglobulin domain in IL-1RAcP is necessary for it to touch the composite face of IL-1RI and IL-1β 3 . Closer inspection of the IL-1β and FGF ligand interfaces with the common, C-terminal immunoglobulin domain pair of their respective IL-1RI and FGFR receptors reveals a core set of conserved site-I and site-II contacts (using the nomenclature in ref. 3 ; data not shown); a glancing site-III contact between bound cytokines and the second receptor chain is also preserved. The more compact site-IV footprint of FGFRs, which lacks the C-terminal immunoglobulin contacts, still superposes on the structurally equivalent IL-1RI-IL-1RAcP interface (data not shown). Divergent helical cytokines and receptors across the class-I and class-II divisions of the hematopoietic superfamily conserve a core binding structure that has sufficient plasticity to accommodate wide sequence divergence, promiscuous interactions and the influence of distinct extra-core domains 14, 15 ; likewise, the TGF-β and BMP clans of the TGF-β superfamily use a related heteromeric array of components to build architecturally and functionally similar signaling complexes 13 . In the case of the distantly related IL-1 and FGF cytokine systems, evolutionary divergence has given rise to two apparently distinct signaling complexes: (i) a homodimer of FGFRs bound equivalently to FGF cytokines and fused to intracellular kinase domains and (ii) a heteromer of IL-1R chains that are trained on a single IL-1 cytokine and signal through cytoplasmic TIR domains. Still, the extent of domain-level conservation of structure and interactions between the two active signaling complexes suggests an ancestral protomer of a β-trefoil ligand with an extracellular three-immunoglobulin domain receptor; whereas FGFRs have retained the homodimeric assembly of cytokine-loaded protomers, the loss of ligand binding by a divergent branch of IL-1 accessory receptors has created singly loaded heteromeric complexes ( Fig. 3 and Supplementary Discussion). This evolutionary split manifests itself in very different separations between receptor ectodomains as the chains enter the membrane, leading to distinct FGFR and IL-1 receptor intracellular signaling machineries. FGFR C termini are nearly 49 Å apart, favoring the larger 75-Å gap between the N termini of their activating kinase dimers, whereas the smaller 20-Å gap between IL-1 receptors is similar to the 22-Å distance between the C termini of Toll-like receptors (TLRs); both the IL-1 receptor system and the Toll-like receptor system are linked to more closely packed TIR domains (Fig. 2c) .
The structure of the heterotrimeric IL-1β-IL-1RI-IL-1RAcP complex presented here provides a general model for the signaling complex formed by the diverse IL-1 family of cytokines. Furthermore, it suggests a deep evolutionary relationship between the IL-1 and FGF receptor systems. 
